The ability of the cytosolic tail of a plant p24 protein to bind COPI and COPII subunits from plant and animal sources in vitro has been examined. We have found that a dihydrophobic motif in the -7,-8 position (relative to the cytosolic carboxy-terminus), which strongly cooperates with a dilysine motif in the -3,-4 position for COPI binding, is required for COPII binding. In addition, we show that COPI and COPII coat proteins from plant cytosol compete for binding to the sorting motifs in these tails. Only in the absence of the dilysine motif in the -3,-4 position or after COPI depletion could we observe COPII binding to the p24 tail. This competition is not observed when using rat liver cytosol.
Introduction
Transport between the ER and the Golgi apparatus is mediated by coat protein complex II (COPII)-coated vesicles (Barlowe et al. 1994) . These coats are assembled on the surface of ER membranes by sequential binding of the Sar1p GTPase, followed by the Sec23p-Sec24p (Sec23/24p) dimer and then the Sec13p-Sec31p (Sec13/31p) complex (Antonny and Schekman 2001 , Barlowe 2002 , Aniento et al. 2003 . The Sec23/24p dimer is comprised of the proteins Sec23p (∼85 kDa) and Sec24p (∼105 kDa) (Hicke et al. 1992) , whereas the Sec13/31p complex contains the proteins Sec13p (∼33 kDa) and Sec31p (∼140 kDa) (Salama et al. 1993) . To generate COPII vesicles, the small (24 kDa) GTPase Sar1p must first be recruited to the donor membrane (ER). Initially, Sar1p is complexed with GDP and resides in the cytosol. Binding of GTP is stimulated by the amino-terminal, cytoplasmically exposed, domain of the guanine nucleotide exchange factor (GEF) Sec12p, which is a type II transmembrane protein of the ER (Barlowe and Schekman 1993, Weissman et al. 2001 ). This event is catalysed by Sec23p of the Sec23/24p dimer (Yoshihisa et al. 1993) . Although the assembly of the COPII coat may occur in the absence of membrane proteins (Matsuoka et al. 1998b) , there is increasing evidence that membrane proteins of the ER membrane play an active role in facilitating the budding reaction (Aridor et al. 1998 , Kuehn et al. 1998 , Matsuoka et al. 1998a , Springer and Schekman 1998 , Peng et al. 1999 . In this respect, two sequences present in the cytoplasmic domain of membrane proteins have been characterized as ERexport motifs: a diacidic (EXD or EXE) motif required for the efficient ER-to-Golgi transport of VSV-G protein (Nishimura and Balch 1997, Sevier et al. 2000) and some potassium channels (Ma et al. 2001) , and a diphenylalanine (FF) motif present in the cytoplasmic domain of the lectin ERGIC-53 (Kappeler et al. 1997 , Nufer et al. 2002 as well as in members of the p24 family of putative cargo receptors (in both yeast and humans) (Fiedler et al. 1996 , Dominguez et al. 1998 .
COPII vesicles have not yet been visualized in plants using electron microscopy, but evidence is accumulating in support of their existence. Functional plant genes with homology to SAR1, SEC12, SEC13 and SEC23 have been isolated (D'Enfert et al. 1992 , Bar-Peled et al. 1995 , Bar-Peled and Raikhel 1997 and some COPII coat components have been identified and characterized in plant cells (Bar-Peled and Raikhel 1997 , Movafeghi et al. 1999 , Contreras et al. 2000 , Pimpl et al. 2000 , Philipson et al. 2001 , Contreras et al. 2004 ). AtSec23, the Arabidopsis homologue of Sec23p, has been shown to be preferentially associated with ER membranes (Movafeghi et al. 1999) . On the other hand, the cytosolic tail of a plant p24 protein has been shown to interact with both ARF1 and coatomer from plant sources (Contreras et al. 2004 ). Here we have analysed the role of the different sorting signals in the cytosolic tail of a plant p24 protein with respect to binding of COPI and COPII subunits from plant and animal sources in vitro. We have shown that a dihydrophobic motif in the -7,-8 position, which strongly cooperates with a dilysine motif in the -3,-4 position for COPI binding, is required for COPII binding. In addition, we show that COPI and COPII coat proteins from plant cytosol compete for binding to the sorting motifs in these tails, an effect that is not observed when using rat liver cytosol.
Results
To test whether COPII subunits could interact with sorting motifs in the cytosolic tail of p24 proteins, we have performed in vitro binding experiments, using Arabidopsis cytosol fractions as a source of COPII subunits and a synthetic peptide corresponding to the cytoplasmic carboxy-terminal domain of a member of the p24 family in Arabidopsis thaliana. This peptide, containing a dihydrophobic (YF) motif in the -7,-8 position, and a dilysine (KK) motif in the -3,-4 position (with respect to the carboxy-terminus) [Atp24 (YFKK)], was coupled via an amino-terminal cysteine residue to activated thiol-Sepharose. As a control, we used Atp24 peptides with lysines replaced by serines (Atp24-YFSS, Atp24-AASS) or tyrosine/ phenylalanine residues replaced by alanines (Atp24-AAKK, Atp24-AASS) (Fig. 1) . Bound proteins were eluted in sample buffer, separated on SDS-polyacrylamide gels and revealed by Western blotting with antisera to the COPII subunits AtSec13 and AtSec23.
In agreement with our previous data (Contreras et al. 2004) , the Atp24 (YFKK) cytosolic tail recruited COPI with high efficiency. The variant without the dihydrophobic motif (AAKK) in the -7,-8 position also bound COPI, although with lower efficiency (Fig. 2C) , suggesting that both motifs cooperate in COPI binding. Lack of binding with the AASS and YFSS peptides clearly showed that the dilysine (KK) motif is necessary for coatomer recruitment. On the other hand, neither of the two COPII subunits tested, AtSec13 or AtSec23, bound to the Atp24 (YFKK) cytosolic tail. However, when the two lysines in the -3,-4 position were replaced by serines (Atp24-YFSS), Sec23 was efficently recruited (Fig. 2A) . In contrast, we could not detect significant binding of Sec13 to any of the peptides (Fig. 2B) . Neither the Atp24-AAKK nor Atp24-AASS peptides bound Sec23, or Sec13. This indicates that the dihydrophobic (YF) motif may be responsible for COPII binding in plant cells, as it is in mammalian or yeast cells (Dominguez et al. 1998, Belden and Barlowe 2001) .
The fact that the Atp24 (YFKK) peptide, which binds coatomer very efficiently, did not bind Sec23, while the Atp24-YFSS peptide, which does not bind coatomer, did bind Sec23 raised the possibility that COPI and COPII may compete in binding to the Atp24 (YFKK) peptide. To test for this possibility, we attempted to deplete the Arabidopsis cytosol of coatomer before analysing COPII binding to the different peptides. As shown in Fig. 3A , a combination of high-speed centrifugation (200,000×g, 2 h; Contreras et al. 2004 ) and incubation with the Atp24-AAKK peptide (which binds COPI but not COPII) produced an efficient (roughly 80%) removal of coatomer, as seen by Western blotting with the AtSec21 antibody. The coatomer-depleted fraction contained similar amounts of Sec23 and Sec13 to the control cytosol, indicating its suitability for monitoring COPII binding to the different peptides. As shown in Fig. 3B , we still observed some coatomer binding to the Atp24-AAKK and the Atp24 (YFKK) peptides, but to a much lower extent than when using control cytosol. However, under these conditions, the Atp24 (YFKK) tail also bound Sec23, and binding was very similar to that obtained with the Atp24-YFSS peptide (Fig. 3B) . These data indeed confirm that coatomer strongly competes with Sec23 binding and only after COPI depletion can we observe COPII binding. Fig. 1 Sequences of the peptides used in the present study. Synthetic peptides were generated corresponding to the carboxy-terminal cytoplasmic tail of a member of the p24 family in A. thaliana (Atp24), with an amino-terminal cysteine residue (not shown) to allow binding to activated thiol-Sepharose. Atp24 peptides with lysines replaced by serines (Atp24-YFSS, Atp24-AASS) or tyrosine/phenylalanine residues replaced by alanines (Atp24-AAKK, Atp24-AASS) were also generated.
Fig. 2
Binding of COPI and COPII subunits from Arabidopsis to Atp24 cytosolic tails. A cytosolic fraction from Arabidopsis callus cultures (2 mg protein ml -1 ) was incubated in the presence of a synthetic peptide corresponding to the carboxy-terminal domain of a protein of the p24 family in Arabidopsis, Atp24 (YFKK), coupled via an aminoterminal cysteine residue to activated thiol-Sepharose, as described in Material and Methods. In addition, we used Atp24 peptides where lysines were replaced by serines (Atp24-YFSS, Atp24-AASS) or tyrosine/phenylalanine residues were replaced by alanines (Atp24-AAKK, Atp24-AASS). Bound proteins were eluted by boiling in Laemmli's sample buffer, separated by SDS-PAGE (8% acrylamide) and revealed by Western blotting with antibodies against AtSec23 (A), AtSec13 (B) or AtSec21 (C). As a control, we also ran an aliquot of the cytosol used for the assay (Cytosol).
Since competition between COPI and COPII for binding to p24 family proteins has not previously been reported, we next investigated whether this effect was specific to plant cells. We therefore performed heterologous binding experiments using Atp24 peptides and rat liver cytosol as a source of COPI and COPII subunits. Before analysing COPII binding to these peptides, we first tested whether the antibodies raised against plant Sec23 and Sec13 could recognize their orthologues in rat liver. As shown in Fig. 4A , the AtSec23 antibody recognized a major band of the expected molecular weight in rat liver cytosol. In the case of AtSec13, the antibody recognized several proteins in rat liver cytosol, including two major bands at 41 and 17 kDa, but also a band at around 34 kDa, which might correspond to Sec13 (Fig. 4C) . Therefore, we felt justified to use these antibodies to identify the proteins recruited by the Atp24 peptides. As shown in Fig. 4A , the Atp24 (YFKK) cytosolic tail bound Sec23 with a similar efficiency to the Atp24-YFSS peptide, in contrast to what we had observed in Arabidopsis. We also used an antibody raised against mammalian Sec24, and found that both Atp24 (YFKK) and Atp24-YFSS peptides bound Sec24 with similar efficiency. When we used the AtSec13 antibody, the 34 kDa band recognized by the Fig. 3 Effect of coatomer depletion on binding of COPII subunits from Arabidopsis to Atp24 cytosolic tails. (A) A cytosolic fraction from Arabidopsis callus cultures was subjected to high-speed centrifugation (2.5 h at 200,000×g). The high-speed supernatant was then incubated in the presence of AAKK beads for 2 h, to further remove COPI subunits. Cytosol (Control) and COPI-depleted fractions (Depleted) were analysed by SDS-PAGE (8% acrylamide) and revealed by Western blotting with antibodies against AtSec21, AtSec23 or AtSec13. (B) The COPI-depleted fraction was used to monitor COPI and COPII binding to the different peptides, as in Fig. 2 . Bound proteins were eluted by boiling in Laemmli's sample buffer, separated by SDS-PAGE (8% acrylamide) and revealed by Western blotting with antibodies against AtSec23 or AtSec21.
Fig. 4
Binding of COPI and COPII subunits from rat liver cytosol to Atp24 cytosolic tails. Rat liver cytosol (2 mg protein ml -1 ) was incubated in the presence of a synthetic peptide corresponding to the carboxy-terminal domain of Atp24 (YFKK), or to Atp24 peptides where lysines were replaced by serines (Atp24-YFSS, Atp24-AASS) or tyrosine/phenylalanine residues were replaced by alanines (Atp24-AAKK, Atp24-AASS). Bound proteins were eluted by boiling in Laemmli's sample buffer, separated by SDS-PAGE (8% acrylamide) and revealed by Western blotting with antibodies against AtSec23 (A), mammalian Sec24 (B), AtSec13 (C) or mammalian α-/γ-COP (D). As a control, we also ran an aliquot of the rat liver cytosol used for the assay (RLC). antibody in rat liver cytosol was only found to bind the Atp24 (YFKK) and Atp24-YFSS peptides, as Sec23 or Sec24, suggesting that it might indeed correspond to Sec13. Neither the Atp24-AAKK nor the Atp24-AASS peptides bound Sec23, Sec24 or Sec13, confirming again that the dihydrophobic motif is responsible for COPII binding. We also analysed coatomer binding to the four peptides, using an antibody against mammalian α/γ-COP. As shown in Fig. 4D , the Atp24 cytosolic tail bound both COPI subunits very efficiently, but the same was true for the Atp24-AAKK peptide. In contrast, the Atp24-YFSS peptide was unable to recruit significant amounts of COPI.
To rule out the difference in COP binding between Arabidopsis and rat liver cytosol being due to an excess amount of COPI in the Arabidopsis cytosol as compared with rat liver, we tried to quantify the amount of COPI subunits in both cytosols. To this end, we first precipitated coatomer from both rat liver and Arabidopsis cytosol in the presence of the antibiotic neomycin. Neomycin has been shown to cross-link coatomer into large aggregates which can be sedimented at low speed and therefore can be used to quantitatively precipitate coatomer (Hudson and Draper 1997) . In these experiments, maximum aggregation should occur when the ratio of antibiotic to coatomer is such as to maximize the number of cross-links. Neomycin has also been used to precipitate plant coatomer (Movafeghi et al. 1999 , Contreras et al. 2000 . As shown in Fig. 5 , coatomer from rat liver cytosol was only quantitatively precipitated in the presence of 4 mM neomycin, while 1 mM neomycin was sufficient to sediment coatomer from Arabidopsis. These data indicate that our Arabidopsis cytosol preparation contains a lesser amount of coatomer than the rat liver cytosol. To quantify more precisely the amount of COPI subunits in both Arabidopsis and rat liver cytosol, recombinant rat β-COP and AtSec21 were synthesized in bacteria and used to make a standard curve with known amounts of each of the proteins and Western blot signals with the corresponding antibodies. The Western blot signal obtained with different amounts of both cytosols using the same antibodies was then interpolated in the corresponding standard curve (Fig. 6 ). Using this strategy, we estimated that 5 mg of rat liver cytosol (the amount used in the in vitro binding assay) contained roughly 2.3 µg of β-COP, while the same amount of Arabidopsis cytosol contained only 0.8 µg of Sec21. These data were consistent with those obtained in the neomycin experiment and suggest that not only is COPI not in excess in Arabidopsis, but quite to the contrary, the Arabidopsis cytosol used for the in vitro assay contains roughly three times less COPI than rat liver cytosol.
Discussion
p24 proteins have been shown to localize to the early secretory pathway, i.e. the intermediate compartment and the Golgi complex (Stamnes et al. 1995 , Sohn et al. 1996 , Rojo et al. 1997 , Dominguez et al. 1998 , Füllerkrug et al. 1999 , Gommel et al. 1999 and to cycle constitutively between these membranes (Nickel et al. 1997 , Füllerkrug et al. 1999 , Gommel et al. 1999 . These proteins Fig. 5 Neomycin precipitation of coatomer from Arabidopsis and rat liver cytosol. Arabidopsis (A) and rat liver (B) cytosol (1.5 mg protein ml -1 ) were incubated in the presence of the indicated concentrations of neomycin for 1 h at room temperature. The mixture was then centrifuged at 16,000×g for 30 min. Pellets and supernatants were then analysed by SDS-PAGE and Western blot analysis with antibodies against AtSec21 (A) or β-COP (M3A5) (B).
Fig. 6
Quantification of AtSec21 and rat β-COP in cytosolic extracts from Arabidopsis or rat liver. AtSec21 (A) and rat β-COP (B) were synthesized in bacteria, as described in Materials and Methods. Known amounts of each protein were analysed by SDS-PAGE and Western blotting with antibodies against AtSec21 (A) or β-COP (M3A5) (B). In parallel, the indicated amounts of Arabidopsis or rat liver cytosol were analysed by Western blotting with the same antibodies, and the signals were used to quantify the amount of each protein in the corresponding cytosol.
have also been shown to be major constituents of COPI- (Stamnes et al. 1995 , Sohn et al. 1996 , Gommel et al. 1999 ) and COPII- (Schimmöller et al. 1995, Belden and Barlowe 1996) coated vesicles, and their cytoplasmic tails to contain signals for anterograde and retrograde transport, to facilitate their bidirectional movement in the early secretory pathway (Fiedler et al. 1996 , Nickel et al. 1997 , Dominguez et al. 1998 , Füllerkrug et al. 1999 , Goldberg 2000 , Belden and Barlowe 2001 . Some members of this family have been proposed to act in the donor membrane as cargo receptors on their lumenal side and coatomer and/or ARF receptors on their cytoplasmic side (Schimmöller et al. 1995 , Belden and Barlowe 1996 , Aniento et al. 2003 . The p24 composition of COPI-coated vesicles reflects also the ability of p24 proteins to form heterooligomeric complexes and may confer upon them the ability to cycle through the early secretory pathway (Belden and Barlowe 1996 , Nickel et al. 1997 , Füllerkrug et al. 1999 , Gommel et al. 1999 , Marzioch et al. 1999 , Jenne et al. 2002 . All p24 proteins have one absolutely conserved phenylalanine in their cytoplasmic tail, which in many cases corresponds to the -7 position (with respect to the C-terminus), while in the -8 position there is often a bulky hydrophobic residue, in most cases another phenylalanine. p24 proteins have hardly been investigated in plant cells. However, several members of this family are characterized by the presence of two hydrophobic residues (mostly phenylalanine or tyrosine) in the -7,-8 position and a dilysine motif in the -3,-4 position (with respect to the cytosolic C-terminus), which have been shown previously to cooperate in binding both ARF1 and coatomer (Contreras et al. 2004 ). Belden and Barlowe (2001) showed binding of purified COPI and COPII subunits to the cytoplasmic tail of two p24 proteins in yeast, Emp24p and Erv25p. While binding of COPII subunits depended on a pair of aromatic residues found in the -7,-8 position of both tail sequences, COPI binding also required the presence of a dilysine motif found in the Erv25 cytosolic tail (but not in the Emp24p tail). In those experiments, both the Sec23/24p complex and the Sec13/31p complex bound to the peptides, either when the COPII subunits were added individually or in a mixture. However, when using individual subunits at various concentrations, the Sec13/31p complex displayed the highest binding affinity, followed by Sar1p and the Sec23/ 24p dimer. Under our assay conditions, and using a cytosolic fraction as a source of COPII subunits, we found that only Sec23 (presumably as part of the Sec23/24 dimer, Movafeghi et al. 1999 ) bound efficiently to the peptides. This would be in agreement with other reports suggesting that the Sec23/24 dimer (but not the Sec13/31 complex) is the one interacting with sorting signals and is thus involved in cargo recognition (Springer and Schekman 1998, Peng et al. 1999) . A band which might correspond to Sec13 from rat liver cytosol was found to bind to the Atp24 (YFKK) and Atp24-YFSS peptides, in contrast to what happens with AtSec13. However, the assay cannot discriminate between direct binding to the peptides and binding to previously bound Sec23/24 complex.
A striking difference in the binding of plant versus animal COPII subunits to p24 cytosolic tails is the strong competition by COPI, which was not observed when using rat liver cytosol. This has not been previously reported. In contrast to previous observations (Sohn et al. 1996) , we could hardly detect binding of COPI from rat liver to the dihydrophobic (YF) motif in the -7,-8 position. In addition, the YF motif did not show any cooperativity with the dilysine motif in the -3,-4 position (the Atp24-YFKK and Atp24-AAKK peptides bound coatomer from rat liver cytosol with a very similar efficiency), which is also different from what happens with plant cytosol (Contreras et al. 2004 , Fig. 2C, 3B ). This suggests that coatomer from rat liver binds specifically to the dilysine motif and not to the dihydrophobic motif. Different COPI subunits have been proposed to bind to distinct cytosolic signals to mediate sorting in different directions. Cosson and Letourneur (1994) suggested an interaction with the dilysine motif of a coatomer subcomplex composed of α-, β′-and ε-COP, whereas Fiedler et al. (1996) found that only a subset of COPI subunits (α, β′ and ε) bound to dilysine motifs and consequently proposed this subcomplex to be involved in retrograde Golgi to ER transport. In contrast, the other subunits (β, γ and ζ) bound to diphenylalanine motifs, and were proposed to be involved in anterograde ER to Golgi transport (Fiedler et al. 1996 ). However, cross-linking studies have now established that γ-COP is indeed the COPI subunit responsible for interacting with KKXX motifs (Harter et al. 1996, Harter and Wieland 1998) . A binding site for dibasic/ diphenylalanine motifs has been shown to exist within the γ-COP subunit (Zhao et al. 1999) .
In plant cells there is as yet no evidence for the existence of coatomer subcomplexes, and experiments have not been done to ascertain which COPI subunits might be responsible for binding to distinct sorting signals. However, the strong cooperativity between dilysine and dihydrophobic motifs, as shown here, could be indicative of different binding sites in plant as opposed to animal coatomer. In the absence of a dihydrophobic motif, COPI might therefore bind with lower affinity to the dilysine motif in the -3,-4 position. However, the presence of a dihydrophobic signal in the -7,-8 position may provide plant cells with additional COPI binding sites, and therefore a stronger interaction. High-affinity binding of coatomer to a p24 cytosolic tail containing both dihydrophobic and dilysine motifs might then prevent COPII binding to the dihydrophobic motif in vitro. In rat liver there is no such highaffinity COPI binding, and the dihydrophobic motif binds COPII even in the presence of COPI. Alternatively, plant cytosol could have a higher ratio of coatomer to COPII, as compared with rat liver cytosol, despite the fact that the Arabidopsis cytosol used for the in vitro assay contains roughly three times less COPI than rat liver cytosol. Nevertheless, in both scenarios, the consequence would be that plant p24 cytosolic tails have a higher probability of binding COPI than COPII.
In plants, a C-terminal dilysine motif has been shown to recruit both ARF1 and coatomer in vitro (Contreras et al. 2004) and to confer ER localization to type I membrane proteins in vivo (Benghezal et al. 2000) . However, since all plant p24 proteins found in the databases so far have both dilysine and dihydrophobic motifs, how can they support COPII binding and ER export in the presence of COPI subunits in vivo? It may be that the conformation of these proteins in the ER or the Golgi membranes or their oligomerization status will modulate their affinity towards the respective COP coat proteins. In addition, Sar1p, which is also required for Sec23/24p binding to microsomal and liposomal membranes, may also play an important role. The homogeneity in the presence of sorting signals in plant p24 proteins is in clear contrast to the presence of different subfamilies of p24 proteins in mammalian cells, which seem to localize preferentially to different sets of membranes within the early secretory pathway , Jenne et al. 2002 , probably through their ability to interact with either COPI or COPII coat proteins. It is tempting to postulate that the molecular characteristics of these two components in plants may reflect the morphological differences in the early secretory pathway between plants (which do not have ERGIC) and other eukaryotes. While the presence of both sorting motifs may allow p24 proteins to be selectively incorporated in both COPI and COPII vesicles, plant cells may need a more efficient mechanism for retrieval of ER-resident proteins from the cis-Golgi than is required in mammalian cells. Future experiments should be aimed at addressing the steady-state distribution of p24 proteins in plant cells and their putative role(s) in both ER export and/or cis-Golgi to ER retrograde transport.
Materials and Methods

Antibodies and recombinant proteins
AtSec13 EST clone (Accession number R30472) was obtained from the Arabidopsis Biological Resource Center (Columbus, OH, U.S.A.), and its full length verified by sequencing before being cloned into the EcoRI-SmaI sites of pGEX4T1 (Amersham Biosciences, Freiburg, Germany) and pASK-IBA3 (Institut für Bioanalytik GmbH, Göttingen, Germany). Both plasmids were amplified in Escherichia coli (DH5 strain) and then used for protein expression. The expression of GST-AtSec13 was induced by isopropylthio-β-D-galactopyranoside (IPTG) and AtSec13-Strep-tag by tetracycline. AtSec13-Strep-tag was isolated by StrepTactin-Sepharose column chromatography following the protocol provided by the manufacturer. The fusion protein was further purified using the Biotrap electro-separation system (Schleicher & Schuell, Dassel, Germany). Antibodies against AtSec13-Strep-tag were generated in rats commercially (BioSciences GmBH, Göttingen, Germany), and were affinity purified using the glutathione-S-transferase (GST) antigen coupled to CNBr-activated Sepharose 4B (Pharmacia-Amersham Biosciences, Freiburg, Germany). The purified antibody was concentrated using a Centricon device (Millipore, Bedford, MA, U.S.A.) and was stored at 4°C for later use.
AtSec23 and AtSec21 antigens and antibody generation were as given previously (Movafeghi et al. 1999 ). AtSec21 antibodies have been characterized previously (Movafeghi et al. 1999) . Antibodies generated in rabbits against mammalian α-/γ-COP (Gerich et al. 1995) and antibodies generated in guinea pigs against a peptide of human Sec24 (KLKNRDDRKLIN) coupled to keyhole limpet haemocyanin were provided by Professor F. Wieland (Heidelberg, Germany).
To synthesize rat β-COP, we used M15p (REP4) cells transformed with the pQE-30 vector containing rat β-COP cDNA, provided by F. Wieland. Cells were cultured in Luria-Bertani medium supplemented with ampicillin (100 µg ml -1 ) and kanamycin (50 µg ml -1
). Expression of the protein was induced with 1 mM IPTG for 3 h and the protein was recovered in inclusion bodies.
Cell cultures and preparation of cytosol
Suspension cells derived from roots of A. thaliana var. Columbia were cultured in Gamborg's B5 Medium (G5893; Sigma, Mannheim, Germany) containing 20 g litre -1 glucose, 0.5 g litre -1 MES, 0.5 mg litre -1 2,4-D, 50 µg litre -1 kinetin at pH 5.7 and 25°C. The cultures were maintained by weekly subculturing at 1 : 5 dilution. Cells were harvested by centrifugation, resuspended in prechilled buffer [25 mM HEPES-KOH pH 8.0, 300 mM sucrose, 10 mM KCl, 3 mM EDTA, 1 mM DTT, 2 mM o-phenanthroline, 1.4 µg litre -1 pepstatin, 0.5 µg litre -1 leupeptin, 2 µg litre -1 aprotinin and 1 µg ml -1 trans-epoxysuccinyl-L-leucylamido-(4-guanido)-butane (E-64)], and then homogenized in a Waring Blendor using three 15-s bursts. The slurry was then passed through two layers of Miracloth (Calbiochem, Bad Soden, Germany) and four layers of gauze. After precentrifugation at 5,000×g for 20 min, membranes were pelleted at 100,000×g for 1 h. The supernatant was retained as the cytosol, and frozen at -80°C if not used immediately. Rat liver cytosol was obtained from F. Wieland, prepared as described previously (Serafini and Rothman 1992) . Protein concentrations were determined according to Bradford (1976) .
In vitro binding of COPI and COPII to sorting motifs
Synthetic peptides were generated (Gramsch Laboratories, Schwabhausen, Germany) corresponding to the carboxy-terminal cytoplasmic tail of a member of the p24 family in A. thaliana (Atp24), with an amino-terminal cysteine residue to allow binding to activated thiol-Sepharose (Amersham Pharmacia Biotech). Atp24 peptides with lysines replaced by serines (Atp24-YFSS, Atp24-AASS) or hydrophobic residues (tyrosine/phenylalanine) replaced by alanines (Atp24-AAKK, Atp24-AASS) were also generated (Fig. 1) . All the peptides were coupled, via their amino-terminal cysteine residue, to activated thiol-Sepharose, according to the recommendations of the manufacturer (5 mg of crude peptide per ml of beads). The coupling reaction was quenched for 1 h at room temperature in 0.1 M ammonium acetate (pH 4.0), 0.5 M NaCl, 8.5 µM 2-mercaptoethanol, and the beads were equilibrated in PBS buffer. Peptide coupling efficiency was monitored by measuring the absorbance at 343 nm according to the manufacturer's specifications.
Binding to the Atp24 cytosolic tail was performed as follows. Arabidopsis extract (2.5 ml) or rat liver cytosol (2 mg protein ml -1 ) were diluted with 2.5 ml of 2× lysis buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 0.5% Triton X-100 and a cocktail of protease inhibitors), incubated for 1 h at 4°C and centrifuged for 10 min at 2,500×g. Supernatants were incubated twice for 1 h with thiol-Sepharose beads (precleaning) before incubation for 2 h at 4°C with 50 µl of beads with the coupled peptides. After the incubation, the beads were washed five times with lysis buffer and then eluted by boiling in reducing SDS sample buffer. Proteins were separated by SDS-PAGE and analysed by Western blotting. and α-COP and M15p (REP4) cells transformed with the pQE-30 vector containing rat β-COP cDNA. This work was supported by grants from the Ministerio de Ciencia y Tecnología (grant nos. PB98-1425 and BMC2002-03993) (to F.A.) and from the German Research Council (to D.G.R.). I.C. was a research Fellow from the Ayuntamiento de Valencia, Spain (Carmen y Severo Ochoa Fellowship).
